The long-term development of temperate woodland creation sites: from tree saplings to mature woodlands by Fuentes-Montemayor, Elisa et al.
Scotland's Rural College
The long-term development of temperate woodland creation sites: from tree saplings
to mature woodlands









Citation for pulished version (APA):
Fuentes-Montemayor, E., Park, K. J., Cordts, K., & Watts, K. (2021). The long-term development of temperate
woodland creation sites: from tree saplings to mature woodlands. Forestry, [cpab027].
https://doi.org/10.1093/forestry/cpab027
General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Download date: 24. Jun. 2021
The long-term development of temperate woodland creation 
sites: from tree saplings to mature woodlands
Journal: Forestry: An International Journal of Forest Research
Manuscript ID Forestry-2020-153.R2
Manuscript Type: Original Article
Date Submitted by the 
Author: n/a
Complete List of Authors: Fuentes-Montemayor, Elisa; Scotland's Rural College - Aberdeen 
Campus, Department of Rural Land Use; University of Stirling, Biological 
& Environmental Sciences
Park, Kirsty; University of Stirling, Biological & Environmental Sciences
Cordts, Kypfer; University of Stirling, Biological & Environmental 
Sciences
Watts, Kevin; Forest Research; University of Stirling, Biological & 
Environmental Sciences
Keywords: afforestation, reforestation, tree planting, woodland expansion, woodland creation, WrEN project
 
1
1 Submitted to: Forestry
2
3 The long-term development of temperate woodland creation sites: from tree saplings to 
4 mature woodlands
5 Elisa Fuentes-Montemayor*,1,2, Kirsty J. Park2, Kypfer Cordts2 & Kevin Watts3,2
6
7 * Corresponding author: Elisa Fuentes-Montemayor. Postal address: Scotland’s Rural College, 
8 Craibstone Estate, Bucksburn, Aberdeen, AB21 9YA, UK. Email: elisa.fuentes-
9 montemayor@sruc.ac.uk.
10 1 Scotland’s Rural College, Craibstone Estate, Bucksburn, Aberdeen, AB21 9YA, UK.
11 2 Biological and Environmental Sciences, Faculty of Natural Sciences, University of Stirling, 
12 Stirling, FK9 4LA, UK.
13 3 Forest Research, Alice Holt Lodge, Farnham, Surrey GU10 4LH, UK.
14
15 Manuscript word count: Title = 14; Abstract = 334; Main text = 4845; Funding, Acknowledgements 
16 and Disclosure statements = 170; References = 1172; Figure legends = 353; Total = 6874; 5 
17 Figures.  
18





23 Tree planting is at the forefront of the current environmental agenda to mitigate climate change 
24 and tackle the biodiversity crisis. In the UK, tree planting has been a priority for more than a 
25 century and has helped increase woodland cover from a historic low of 5% at the beginning of the 
26 20th century to a current figure of 13%. However, we still know relatively little about the long-term 
27 development of woodland creation sites (particularly of native woodlands) over ecologically 
28 realistic timescales. We surveyed a chronosequence of 133 temperate woodland patches 
29 encompassing 106 woodland creation sites (10–160 years old) and 27 mature ‘ancient’ 
30 woodlands (>250 years old), using a combination of field surveys and remote sensing techniques 
31 to quantify vegetation structural changes associated with woodland development. Woodland 
32 creation sites displayed similar vegetation development patterns to those described for other 
33 woodland systems, i.e. a gradual transition as woodlands undergo ‘stand initiation’, ‘stem 
34 exclusion’ and ‘understorey re-initiation’ stages, and became more similar to ‘ancient’ woodlands 
35 over time. Structural heterogeneity, average tree size and tree density were the attributes that 
36 varied the most among woodland developmental stages. In general, structural heterogeneity and 
37 average tree size increased with woodland age, whilst tree density decreased as would be 
38 expected. Younger sites in ‘stand initiation’ were strongly dominated by short vegetation, ‘stem 
39 exclusion’ sites by taller trees, and older sites had a more even vegetation height distribution. 
40 There was a large degree of overlap between the vegetation characteristics of woodlands in 
41 ‘understorey re-initiation’ stages and older ancient woodlands (partly driven by a lack of 
42 regeneration in the understorey); these results suggest that it takes between 80 to 160 years for 
43 woodland creation sites to develop certain vegetation attributes similar to those of mature ancient 
44 woodlands included in this study. Woodland management practices to create canopy gaps and 
45 reducing grazing/browsing pressure to promote natural regeneration are likely to accelerate this 
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46 transition, increase the structural heterogeneity and biodiversity value of woodland creation sites, 
47 and enable adaptation and resilience to climate change.
4
48 Introduction: 
49 Long-term, large-scale deforestation has reduced global forest cover by 50% over the last three 
50 centuries (Ramankutty & Foley 1999) resulting in drastic biodiversity declines and impaired 
51 ecosystem functioning (IPBES 2019). Forest area continues to decline at alarming rates in many 
52 parts of the world (e.g. Africa and South America), with an estimated 420 million ha of forest lost 
53 globally since 1990 (FAO 2020). However, increasing recognition of the paramount importance 
54 of forests for biodiversity and human wellbeing has led to a gradual slowing of net forest loss over 
55 recent decades, particularly in temperate regions of Europe and Asia. These trends have been 
56 largely driven by tree planting schemes leading to a global increase of 123 million ha of planted 
57 forest since 1990, although nearly half of this (45%) consists of commercial production forests 
58 (FAO 2020). Tree planting is increasingly regarded as a key part of the solution to mitigate climate 
59 change and tackle the biodiversity crisis (e.g. Holl & Brancalion 2020), and as such has made its 
60 way to the forefront of the environmental agenda. International commitments such as the Bonn 
61 Challenge (aiming to restore 350 million ha of forest by 2030) and the UN’s upcoming Decade on 
62 Ecosystem Restoration 2021-2030, are expected to accelerate and further mobilise action and 
63 resources to scale up reforestation efforts globally (IUCN 2019). 
64 In the UK, tree planting has been a priority for more than a century (Harmer et al. 2015), 
65 and has contributed to increasing woodland cover from a historic low of 5% at the beginning of 
66 the 20th century (down from a post-glacial of ca.70%) to the current figure of 13% (Watts 2006; 
67 Forestry Commission 2020a). Tree planting is expected to continue at an accelerated rate, driven 
68 partly by the current environmental policy agenda which includes ambitious woodland expansion 
69 targets to mitigate climate change and tackle the biodiversity crisis. For instance, the UK 
70 Government has pledged to plant 180,000 ha of trees in England over a 25-year period (2018-
71 2042; Defra 2018) and the Scottish Government has a current target of planting 12,000 ha of 
72 trees per year, increasing to 15,000 ha from 2024 (Scottish Government 2018). Whilst within the 
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73 last 100 years the majority of woodland creation in the UK has been dominated by non-native 
74 coniferous plantations (primarily for timber production), there has been a gradual shift towards 
75 planting more native woodlands with multiple objectives, recognising the wider environmental, 
76 visual and cultural benefits provided by native woodlands (Harmer et al. 2015); for instance, 42% 
77 of the 10,860 ha of new woodland planted in Scotland during 2019-20 was classed as native 
78 (Forestry Commission 2020a). The majority of these (relatively small) native woodland patches 
79 have been planted on former agricultural land (Ferris-Kaan 1995; WEAG 2012). Recently, there 
80 has also been increased recognition of the importance of increasing quality as well as quantity of 
81 new woodland cover (Woodland Trust 2020) and of enhancing woodland adaptability and 
82 resilience (Scottish Government 2019).
83 Despite decades of tree planting initiatives, we know relatively little about how woodland 
84 creation sites (particularly native woodlands) develop over time, how they function and the 
85 impacts they have on biodiversity and ecosystem service provision (Fuentes-Montemayor et al. 
86 2015; Harmer et al. 2015; Burton et al. 2018). Whilst successional processes in natural forests 
87 and vegetation development in forestry production systems have been well-studied (e.g. Peterken 
88 1996; Kimmins 2004), many of the ecological processes of native woodland creation sites remain 
89 poorly understood or quantified (Ferris-Kaan 1995; but see Harmer et al. 2001). These might differ 
90 from ‘natural’ successional processes because of land-use legacies arising from abrupt changes 
91 in land-use (e.g. from agriculture to woodland) which can have long-lasting effects on woodland 
92 development; for instance, tree growth rates and drought vulnerability are higher in former 
93 agricultural areas with highly fertile soils (Alfaro-Sanchez et al. 2019). Legacy effects often 
94 depend on previous land-use intensity, for instance with less severe impacts expected by planting 
95 on former pasture than on arable land (Holmes & Matlack 2018). Additionally, initial planting 
96 conditions such as tree spacing and species composition are also likely to be major determinants 
97 of the future trajectory of woodland creation sites, as they will influence tree growth, mortality and 
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98 survival processes which govern vegetation dynamics (Peterken 1996). Planting methods used 
99 for establishing new native woodlands often mimic modern forestry practices which can result in 
100 simple homogeneous vegetation structures (e.g. of even-aged species-poor plantations) unlike 
101 those of most natural systems, which tend to be more species-diverse and spatially 
102 heterogeneous (Ferris-Kaan 1995).
103 The mechanisms driving woodland dynamics change in importance over time. For 
104 instance, younger stands (<20 years) tend to be more strongly affected by environmental stress 
105 than by other factors (Peterken 1996). Grazing and/or browsing pressure can also be 
106 disproportionately important drivers of woodland dynamics during these early stages, when young 
107 trees have not yet reached a sufficient height to escape ungulate herbivory damage that might 
108 increase tree mortality rates (Rhodes et al. 2017, 2018). Herbivory pressure can continue to be a 
109 major determinant of vegetation composition and structure in later development stages when 
110 natural regeneration is expected to take place. Interspecific competition usually becomes a more 
111 important driver of vegetation dynamics after canopy closure, and natural disturbances such as 
112 windthrow become dominant factors in old-growth forests (>200 years; Peterken 1996). The 
113 dynamics of woodland creation sites are also likely to be influenced by either a lack of natural 
114 disturbance events (e.g. gap formation due to large tree mortality in older and larger sites) or 
115 disturbance from forestry practices (e.g. thinning, successive regeneration felling). All these 
116 drivers of tree demography dynamics are likely to be reflected in the vegetation structure of a 
117 woodland, which in turn will influence woodland biodiversity; for example, variation in tree size 
118 (likely to be partly determined by herbivory pressure and management practices) has been 
119 identified as one of the main drivers influencing the species richness and abundance of many 
120 taxa in woodland creation sites (e.g. Fuentes-Montemayor et al. 2017, 2020; Fuller et al. 2017).
121 Vegetation structural changes are unlikely to be evident in the short term, particularly in 
122 temperate woodlands where successional rates and habitat development are slow. This makes it 
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123 imperative, but also challenging, to study woodland ecosystems over sufficiently long temporal 
124 scales (from decades to centuries) to detect meaningful structural changes (Harmer et al. 2001). 
125 The Woodland Creation & Ecological Networks project (WrEN; www.wren-project.com) is a large-
126 scale ‘natural experiment’ designed to study the long-term effects (up to 160 years) of woodland 
127 creation on biodiversity and ecosystem functioning (Watts et al. 2016). WrEN also provides a 
128 unique opportunity to quantify long-term vegetation structural changes in woodland creation sites. 
129 Here, we surveyed a chronosequence of 133 temperate woodland patches encompassing 
130 secondary (woodland created on former agricultural land between 10–160 years ago; part of the 
131 WrEN project) and mature ‘ancient’ woodlands (continuously wooded for at least 250 years) 
132 across England and Scotland. Our overall aim was to assess how the vegetation structure of 
133 woodland creation sites develops over time, and how it compares to that of mature ancient 
134 woodlands (likely to display structural features more similar to old-growth stages and usually 
135 regarded as higher quality habitats for many taxa than woodlands in earlier successional stages; 
136 Spencer & Kirby 1992). Specifically, we addressed the following questions: 
137 1) Which are the key vegetation attributes driving differences between woodlands of 
138 different ages?
139 2) Does the vegetation structure of woodland creation sites resemble that of mature 
140 ancient woodlands? And if so, how long does it take for this to happen (as an indication 
141 of ‘waiting times’ from planting trees to delivering woodlands with a more natural, 
142 complex structure and potentially higher biodiversity value)?
143 We expected woodland creation sites within a 10–160 year timespan to display similar 
144 development patterns and structures to those described for other woodland systems following 
145 major disturbances, i.e. undergoing ‘stand initiation’, ‘stem exclusion’ and ‘understorey re-
146 initiation’ stages (Oliver & Larson 1996). We expected mature ancient woodlands to contain 
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147 important components of ‘old-growth’ stages, e.g. a more complex vegetation structure and larger 
148 amounts of deadwood (see Fig. 1 for a description of each woodland development stage).
149
150 Methods:
151 Study area and site selection: 
152 Our study sites were in two regions of the United Kingdom (central Scotland and central England) 
153 dominated (>70%) by agricultural land and representing fairly typical lowland landscapes in these 
154 countries. We used a systematic site selection protocol to minimise variation in  topography, 
155 climate and soil types across sites (e.g. Land Capability for Agriculture restricted to lowland arable 
156 to improved grassland), and the National Forest Inventory (Forestry Commission 2012) to identify 
157 106 broadleaved woodland patches created over the past 160 years on former agricultural land 
158 (see Watts et al. [2016] for further details on site selection). We used the Ordnance Survey historic 
159 maps collection (EDINA 2013) to determine the approximate date when each woodland was 
160 created (i.e. the time period when each woodland patch appeared in maps). Woodland creation 
161 sites ranged in size (0.5–30 ha) and approximate age (10–160 years old). In addition, we used 
162 the Ancient Woodland Inventory (a spatial dataset of sites which have been continuously wooded 
163 since at least 1750 in Scotland and 1600 in England; Spencer & Kirby 1992; Forestry Commission 
164 2011) to select mature woodlands with longer ecological continuity. Ancient woodlands were 
165 selected with similar characteristics (e.g. patch size, degree of connectivity and amount of 
166 surrounding woodland) and located in the same landscapes as the woodland creation sites (Fig. 
167 2). The age gradient of woodland creation sites selected for this study is likely to represent well-
168 recognised developmental stages for temperate woodland habitats (see Fig. 1; Oliver & Larson 
169 1996; Peterken 1996): stand initiation (0-30 years since planting; n=33), stem exclusion (31-80 
170 years since planting; n=29) and understory re-initiation (81-160 years since planting; n=44); 
171 ancient woodlands (continuously wooded for >250 years, but likely to be much older; n = 27) are 
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172 likely to display structural features more similar to old-growth stages. However, we acknowledge 
173 that many ancient woodlands have a long and complex history of management (e.g. coppicing) 
174 and may display characteristics of different development stages despite their long continuity of 
175 woodland cover.
176
177 Vegetation surveys: 
178 We conducted field surveys to characterise the vegetation structure of all woodland sites. 
179 Vegetation surveys were conducted using the point-centred quarter method along an edge-to-
180 interior transect, with points established every 15 m along each transect (Ferris-Kaan & Patterson 
181 1992). At each point, a cross of two perpendicular lines (one of them following the direction of the 
182 transect) was established to divide the surrounding area into four quarters; within each quarter, 
183 we measured the distance from the centre point to the nearest tree (used to subsequently 
184 calculate tree density), identified its species and measured its diameter at breast height (DBH; 
185 only trees  cm DBH were included). Each point also served as the corner of a 10 x 10 m quadrat 
186 used to visually assess understorey cover (% using Domin scale), and a 2 x 2 m quadrat to visually 
187 assess woody debris on the ground (index ranged from 1–3; 1 = leaf litter and small twigs  cm 
188 in diameter; 2 = larger branches  cm; 3 = coarse woody debris > 10 cm diameter, including 
189 fallen trees). Canopy cover (%) was assessed using a sighting tube with an internal crosshair 
190 (Ferris-Kaan & Patterson 1992); if the crosshair intersected canopy vegetation, presence of 





195 We used open-access LiDAR data to characterise the three-dimensional structure of a subset of 
196 woodland sites (n = 40 sites encompassing all four woodland development stages). LiDAR point 
197 cloud data were obtained from the Environment Agency and the Scottish Environmental 
198 Protection Agency (see Supplementary Material 1 for further details on data acquisition and 
199 processing). Point cloud data were used to create vegetation height distribution plots for individual 
200 woodland sites to graphically evaluate the effects of woodland age on vegetation structure. We 
201 used the ‘VCI’ function from the lidR package (Roussel & Auty 2018) on the point cloud data to 
202 calculate a vegetation Vertical Complexity Index (VCI, a variant of Foliage Height Diversity [FHD] 
203 based on Shannon’s index; Ewijk et al. 2011) for each site. We then ran a Pearson correlation 
204 test to assess how VCI related to our field-based structural heterogeneity metric (variation in tree 
205 DBH). Due to limitations in data availability and the resulting smaller sample size, we did not 
206 conduct any further statistical analyses on the LiDAR data; instead, these results are presented 
207 for illustrative purposes only (i.e. to complement and support our field data analyses and to 
208 exemplify the utility of this method for characterising woodland structure).
209
210 Statistical analyses: 
211 We used Linear Discriminant Analysis (LDA) to explore differences in vegetation characteristics 
212 among woodland development stages. We selected LDA over other multivariate analysis methods 
213 because it is a form of discriminant analysis, i.e. it looks for linear combinations of variables 
214 (‘vegetation attributes’ in this case) to produce discriminant functions that maximise the separation 
215 of objects (‘woodland sites’ in this case) among different classes known a priori (‘woodland 
216 development stages’ in this case; Leps & Smilauer 2003). Additionally, LDA produces coefficients 
217 to quantify the relative contribution of each of the explanatory variables to the observed separation 
218 of objects along each discriminant function; this can provide biological insights into the 
219 determinants of the dissimilarity among object classes (e.g. identifying vegetation attributes that 
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220 are most influential in driving differences between woodland stage categories). All vegetation 
221 attributes described in the Vegetation surveys section were included in the LDA; for tree DBH, we 
222 included mean (as a metric of tree size) and standard deviation (SD, as a metric of structural 
223 heterogeneity) values. In addition, we used linear regressions to quantify differences in individual 
224 vegetation variables between woodland development stages (as a categorical factor); 
225 significance values were adjusted for multiple comparisons using the Bonferroni correction. 
226 Exploratory plots of vegetation attributes and preliminary LDAs indicated that results for the two 
227 study regions were broadly similar (Supplementary Material 2); we therefore pooled data across 
228 the two study regions for further analyses and we present those results for simplicity. Tree species 
229 richness, tree density, understorey cover and tree DBH mean and standard deviation were log10-
230 transformed to improve data distribution prior to analyses. Linear Discriminant Analyses 
231 conducted for each study area separately and linear regressions for individual vegetation 
232 attributes using ‘age’ as a continuous (rather than categorical) predictor are presented in the 
233 Supplementary Material 2 & 3. 
234
235 Results:
236 The vegetation structure of the woodlands included in this study was highly variable. Tree density 
237 ranged from 67 to 4063 trees per ha (with an average of 759.7), mean tree DBH from 8.1 to 90.2 
238 cm (average = 29.6), structural heterogeneity (i.e. tree DHB SD) from 1.3 to 43.4 cm (average = 
239 13.7), tree species richness from 1 to 13 (average = 4.8), and canopy cover from 18 to 100% 
240 (average = 70.7). Most of these vegetation attributes varied to some degree according to 
241 woodland development stage (Figs. 3 & 4); most notably, average tree size and structural 
242 heterogeneity (i.e. variation in tree sizes) increased with woodland age, whilst tree density 
243 decreased. 
12
244 The first Linear Discriminant Function (LD1) of the Linear Discriminant Analysis (LDA) 
245 showed that there was a 53.6% separation between sites in different woodland development 
246 stages, in terms of their vegetation characteristics. The degree of separation explained by LDs 2 
247 and 3 was much lower (11.4% and 1.2% respectively) and is not discussed further. There was a 
248 gradual transition in LD1 coefficients from younger to older woodlands, particularly between ‘stand 
249 initiation’, ‘stem exclusion’ and ‘understorey re-initiation’ stages, whilst there was a large degree 
250 of overlap between sites in ‘understorey re-initiation’ stage and ancient woodlands (Fig. 3).
251 The most influential variable (based on its relatively large LD1 coefficient and R2 value) 
252 driving differences between woodland stage categories was variation in tree size (i.e. tree DBH 
253 SD), with older woodlands having significantly higher structural heterogeneity (in terms of tree 
254 sizes; Fig. 4a). As would be expected, differences in average tree size (bigger in older woodlands) 
255 and tree density (lower in older woodlands) also explained a relatively high degree of variability 
256 among woodland development stages (i.e. had high R2 values; Figs. 4b & 4c). There were smaller 
257 differences in amount of woody debris, tree species richness, understorey cover % and canopy 
258 cover % among woodlands in different development stages (Figs. 4d-4g).
259 Variation in tree size (our field-based structural heterogeneity metric) was positively 
260 correlated with the LiDAR-derived vegetation Vertical Complexity Index (Pearson correlation 
261 coefficient = 0.59; p<0.001). In general, the vegetation height distribution of individual woodland 
262 sites was in accordance with conceptual expectations based on their developmental stage (Fig. 
263 1); i.e. younger sites in ‘stand initiation’ were strongly dominated by short vegetation, ‘stem 
264 exclusion’ sites were (less-markedly) dominated by taller trees and ancient woodlands had a more 
265 even vegetation height distribution. In accordance with our field data analysis, sites in 
266 ‘understorey re-initiation’ phase appeared very similar to ancient sites, and did not clearly display 
267 the two-layer vegetation structure expected as a consequence of natural regeneration (i.e. there 




271 In this study, we quantified vegetation structural changes occurring in temperate woodland 
272 creation sites over a 160-year period after planting on former agricultural land. Our findings show 
273 that woodland creation sites display similar development patterns to those described for other 
274 woodland systems following major disturbances (i.e. undergoing ‘stand initiation’, ‘stem exclusion’ 
275 and ‘understorey re-initiation’ stages; Oliver & Larson 1996). We also compared the vegetation 
276 attributes of woodland creation sites to those of mature ancient woodlands with longer ecological 
277 continuity.
278 Development of woodland creation sites and similarities with mature ancient woodlands:
279 There was a moderate degree of separation between sites in different woodland development 
280 stages, driven by vegetation characteristics. As expected, there was a gradual transition in the 
281 vegetation attributes of younger to older woodlands, with sites in ‘stand initiation’ stages 
282 progressing towards more advanced stages. Interestingly, there was a large degree of overlap 
283 between woodlands in ‘understorey re-initiation’ stages and ancient woodlands, suggesting that 
284 some vegetation attributes of woodlands 80-160 years are fairly similar to those of much older 
285 woodlands (>250 years old). This was supported by similarities in individual vegetation attributes 
286 between these two late developmental stages. There was also considerable variation within age 
287 classes (Supplementary Material 3) suggesting other factors may be promoting (e.g. gap creation 
288 due to natural disturbances) or hindering (e.g. herbivore browsing) the development of woodland 
289 structures, rather than being driven by age alone. Climatic, topographic and edaphic factors (e.g. 
290 soil quality determined by nutrient and moisture regimes; Pyatt et al. 2001) can also play important 
291 roles on tree growth rates and consequently on woodland development. As part of our initial site 
292 selection process, we attempted to control environmental variation by selecting woodland sites 
293 within fairly homogeneous lowland agricultural landscapes (see Methods section and Watts et al. 
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294 2016 for details). Still, it is possible that some variation persists, but this is unlikely to affect the 
295 general patterns observed here. In addition, factors such as degree of land degradation prior to 
296 woodland creation (e.g. intensive arable vs. unimproved grassland) and proximity to existing 
297 woodland (as a source of propagules) are also likely to strongly influence the structure, function 
298 and complexity of woodland creation sites (ongoing work by the authors and others).
299 Structural heterogeneity (i.e. variation in tree size), average tree size and tree density were 
300 the attributes that varied the most among woodland developmental stages. Specifically, structural 
301 heterogeneity and average tree size increased with woodland age, whilst tree density decreased. 
302 However, there was little difference in these attributes between woodlands in ‘understorey re-
303 initiation’ stages and ancient woodlands, suggesting a levelling-off at this point. Whist young 
304 woodlands inevitably have relatively low variation in tree sizes (because not enough time has 
305 passed for trees to grow large), the opposite is not necessarily true; i.e. older woodlands which 
306 would be expected to have younger smaller naturally regenerating trees to increase size variability 
307 could have this inhibited, for example by high browsing pressure or shading. A slight (non-
308 significant) decrease in average tree DBH and increase in tree density from ‘understorey re-
309 initiation’ to ancient woodlands suggests a degree of natural regeneration in the latter that is 
310 missing in the younger stage of woodland development. The distribution of vegetation height 
311 (LiDAR-derived metric) also indicated differences between most woodland stages, but similarities 
312 between ‘understorey re-initiation’ and ancient sites; these similarities appear to result from a lack 
313 of regeneration, probably driven by excessive herbivory pressure affecting the understorey layer. 
314 However, we did not directly quantify the degree of natural regeneration in our sites and we can 
315 only infer it from other vegetation characteristics. Other vegetation attributes which displayed 
316 smaller differences among woodland development stages could be more strongly influenced by 
317 a combination of herbivory and management factors; for instance, it was surprising that older 
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318 woodlands did not consistently have higher amounts of woody debris or understorey cover than 
319 woodlands in earlier successional stages. 
320 Additionally, the significant, positive correlation between our field-based and LiDAR-
321 derived vegetation structural heterogeneity metrics (variation in tree size and Vertical Complexity 
322 Index, respectively) corroborates the potential value of using remote sensing data to characterise 
323 woodland structure over large spatial scales (e.g. Ewjik et al. 2011).
324 Importance of woodland management:
325 Woodland management can greatly alter vegetation structure. For instance, understorey cover 
326 (partly driven by natural regeneration) is significantly reduced by the presence of grazing stock in 
327 woodland patches (Fuentes-Montemayor et al. 2020) and by deer browsing (e.g. Eichhorn et al. 
328 2017). In Great Britain, 40% of woodland habitat is in unfavourable condition due to herbivore 
329 damage (Forestry Commission 2020b); in Scotland, over a third (33%) of native woodlands have 
330 such high levels of herbivory (mainly by deer) as to prevent successful regeneration of most tree 
331 and shrub species, and 13% have no regeneration at all (Forestry Commission 2014; Forestry 
332 Commission 2020b). In addition, only 35% of Great Britain’s native woodlands have a ‘complex’ 
333 vertical structure (i.e. are composed of >5 storeys or multiple heights of trees) and 45% have a 
334 negligible deadwood component (Forestry Commission 2020b). Whilst we have no direct 
335 information on past management in our study sites, there are no signs of recent management 
336 interventions (apart from presence of grazing stock in some sites), and we consider intensive past 
337 management unlikely given the nature (e.g. small size and agricultural setting) of these 
338 woodlands. The sites studied here are fairly small patches (all <30ha, most <5ha) immersed in 
339 an agricultural matrix, some of them heavily overgrazed (particularly sites in Scotland). They are 
340 characteristic of British woodlands (including ancient semi-natural woodlands of which ca. 70% 
341 are <5ha; Woodland Trust 2011). The similarities we found between older woodland creation and 
342 ancient woodland sites should not necessarily be interpreted as an indication that they both 
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343 represent top-quality habitats. Mature ancient woodlands in the UK have a long history of 
344 disturbance and management (e.g. coppicing, felling and removal of deadwood); whilst some 
345 disturbance and management regimes positively affect (and are an integral part of) woodland 
346 ecosystems, others can have negative impacts on their vegetation structure that persist for 
347 centuries (Peterken 1996; Rackham 1980). Larger ancient woodlands managed for conservation 
348 purposes are likely to be more structurally complex and of higher biodiversity value than the sites 
349 we studied here. 
350 Woodland management practices can also play an important role in improving woodland 
351 quality by accelerating woodland development. During ‘stem exclusion’ stages, trees begin to 
352 compete with each other for space and light; natural thinning processes take place (i.e. some 
353 outcompeted individual trees die, allowing surviving trees to grow larger and resulting in 
354 differences in sizes) and structural heterogeneity within the woodland increases. But when all 
355 saplings grow at similar rates (i.e. no individuals grow faster to shade neighbours), self-thinning 
356 is slow, and a dense stand of slow-growing trees can persist for a long time (Peterken 1996). This 
357 is the case of many unmanaged Woodland Grant Scheme sites planted in the early 1990s in 
358 Scotland (Fuentes-Montemayor et al. 2015), where a lack of management has led to densely 
359 closed canopies with no gaps or light for regeneration to occur. Management activities aimed at 
360 promoting natural regeneration on such sites (e.g. through a combination of opening canopy gaps 
361 and reducing herbivore pressure) could fast-track woodland development and improve habitat 
362 conditions for a range of taxonomic groups (e.g. woodland plants; Harmer et al. 2001; Kerr 1999). 
363 Excluding (or minimising) in-site grazing and browsing (e.g. by installing deer-proof fencing) might 
364 be particularly important in very young woodlands  undergoing ‘stand initiation’, and also during 
365 ‘understorey re-initiation’ and ancient stages when canopy conditions would naturally allow 
366 seedlings/saplings to develop into new tree cohorts. Tree regeneration is likely to increase 
367 structural diversity (in terms of tree age and size distributions) and three-dimensional 
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368 heterogeneity. In addition, managing woodlands to promote natural regeneration is likely to 
369 enable adaptation through natural selection and enhance woodland resilience to climate change 
370 (Whittet et al. 2019).
371 Biodiversity value of woodland creation sites:
372 Woodland creation sites provide valuable habitat and resources for a wide range of taxonomic 
373 groups including invertebrates, birds, bats and small terrestrial mammals (e.g. Fuentes-
374 Montemayor et al. 2017, 2020; Fuller et al. 2018; Whytock et al. 2018). Vegetation attributes 
375 associated with woodland development (e.g. average tree size and variation in tree size) are 
376 among the main drivers influencing the species richness and abundance of many taxa, and there 
377 is evidence that woodlands become gradually better over time for some species (e.g. bats and 
378 small terrestrial mammals; Fuentes-Montemayor et al. 2017, 2020). Our results suggest that there 
379 is a ‘waiting time’ of between 80-160 years from woodland planting to achieving a more natural, 
380 complex vegetation structure of potentially higher biodiversity value (although some younger sites 
381 had relatively high structural complexity levels, suggesting woodland age is not the only driving 
382 factor; Supplementary Material 3). This value can both be enhanced (e.g. by promoting structural 
383 heterogeneity; Kerr 1999) or undermined (e.g. by livestock grazing; Lindenmayer et al. 2018) 
384 through management activities.
385 Alternative woodland creation strategies:
386 Tree planting has been the most common woodland expansion strategy for over a century in 
387 countries like the UK (Harmer & Kerr 1995), where overabundant deer populations resulting from 
388 a lack of natural predators and control currently put on increased herbivory pressure on woodland 
389 vegetation and limit natural regeneration (Gill & Fuller 2007). Planting seedlings/saplings is 
390 generally a quicker and more reliable method for establishing woodland than allowing an area to 
391 regenerate or to be colonised naturally (Harmer & Kerr 1995; Harmer et al. 2001). But recently in 
18
392 the UK there have been calls for ‘natural colonisation’ (i.e. allowing trees to colonise new areas 
393 naturally) to be incorporated more widely as a woodland expansion strategy (Woodland Trust 
394 2020). Natural colonisation is perceived to lead to more heterogenous and complex woodlands 
395 of higher natural value (Harmer & Gill 2000) and also maintain local tree genotypes likely to enable 
396 local adaptation to climate change (Harmer et al. 2015; Woodland Trust 2020). The overall 
397 similarities between patterns observed here in vegetation development of woodland creation sites 
398 and those described for other woodland systems suggest that past land-use legacy effects and 
399 initial planting conditions do not preclude the natural development of woodland creation sites over 
400 time. Planted sites are also likely to subsequently experience some natural colonisation from 
401 nearby woodlands, which will influence the development of these sites through time. These 
402 planting sites seem to follow ‘initial floristics’ patterns whereby all tree species establish at 
403 approximately the same time after a disturbance (but assert dominance at different times; Egler 
404 1954) and eventually develop into woodlands with some vegetation characteristics similar to those 
405 of mature ancient woodlands. However, even if woodland planting sites ultimately resemble semi-
406 natural systems, our results cannot provide information on how they compare to natural 
407 colonisation sites (e.g. do the latter reach higher structural complexity more quickly than planting 
408 sites?). We suggest that future research should address this knowledge gap. In practice, we 
409 advocate that tree planting and natural colonisation should have complementary roles in 
410 woodland cover expansion.
411
412 Conclusion: 
413 Woodland expansion is widely regarded as a key part of the solution to counteract climate change 
414 and tackle the biodiversity crisis. Ambitious environmental policy targets (e.g. to increase 
415 woodland cover from 13% to 17% by 2050 in the UK; Committee on Climate Change 2020) often 
416 fail to acknowledge the time-lags between habitat creation and its conservation outcomes (Watts 
19
417 et al. 2020). Our results suggest that it may take 80-160 years for tree planting sites to develop 
418 into woodlands with a vegetation structure similar to that of mature, ancient semi-natural 
419 woodlands, likely to be of higher biodiversity value than woodlands in earlier successional stages 
420 (e.g. Fuentes-Montemayor et al. 2015, 2017, 2020). Woodland management practices to promote 
421 natural regeneration and reducing grazing/browsing pressure are likely to accelerate this 
422 transition, increase the structural heterogeneity and biodiversity value of woodland creation sites, 
423 and enhance woodland adaptability and resilience to climate change. Tree planting is likely to 
424 continue to be an integral part of woodland expansion targets in temperate regions; natural 
425 colonisation could play a complementary role, but its outcomes are likely to be achieved over 
426 longer timescales and be context dependent. 
427
428 Funding:
429 This work was supported (financially and/or logistically) by the University of Stirling, Forest 
430 Research, Forestry Commission, Natural England, Scottish Natural Heritage, National Forest 
431 Company, Department for Environment, Food & Rural Affairs and Woodland Trust.
432
433 Supplementary Material: 
434 The following supplementary material is available at Forestry online: 
435 Supplementary Material 1: Details on LiDAR data acquisition and processing.
436 Supplementary Material 2: Results of Linear Discriminant Analyses conducted for each study area 
437 (England and Scotland) separately.
438 Supplementary Material 3: Plots of vegetation attributes of woodlands of different ages (with ‘age’ 




442 We thank all land owners who granted us permission to conduct surveys on their land, Mark 
443 Ferryman, Edward Lewis, Natasha Hambly, Stephen Brennan, Ruth Coxon, Holly Langridge and 
444 Ian Hayward for their help with vegetation surveys, and Victor Peredo-Alvarez for his help with 
445 the visualisation of woodland stages in Figure 1.
446




451 Data associated with this paper will be deposited in the University of Stirling’s Online Repository 
452 for Research Data (DataSTORRE).
453
454 References:
455 Alfaro-Sánchez, R. et al. (2019) Land use legacies drive higher growth, lower wood density and 
456 enhanced climatic sensitivity in recently established forests. Agricultural and Forest 
457 Meteorology 276–277: 107630.
458 Burton, V. et al. (2018) Reviewing the evidence base for the effects of woodland expansion on 
459 biodiversity and ecosystem services in the United Kingdom. Forest Ecology and 
460 Management 430: 366–379.
461 Committee on Climate Change (2020) Land use: Policies for a Net Zero UK. Available at: 
21
462 <https://www.theccc.org.uk/publication/land-use-policies-for-a-net-zero-uk/>, accessed: 
463 August 2020.
464 Defra (2018) A Green Future: Our 25 Year Plan to Improve the Environment. Available at: 
465 <https://www.gov.uk/government/publications/25-year-environment-plan>, accessed: 
466 February 2020.
467 EDINA (2013) Ancient roam service. <http://edina.ac.uk/digimap>
468 Egler, F. E. (1954) Vegetation science concepts I. Initial floristic composition, a factor in old-field 
469 vegetation development with 2 figs. Vegetatio Acta Geobotanica 4: 412–417.
470 Eichhorn, M. P. et al. (2017) Effects of deer on woodland structure revealed through terrestrial 
471 laser scanning. Journal of Applied Ecology 54: 1615–1626.
472 Ewjik, K., Treitz, P. and Scott, N. (2011) Characterizing forest succession in Central Ontario using 
473 lidar-derived indices. Photogrammetric Engineering & Remote Sensing 77: 261-269.
474 FAO (2020) Global Forest Resources Assessment 2020 – Key findings. Rome. 
475 <https://doi.org/10.4060/ca8753en> 
476 Ferris-Kaan, R. & Patterson, G.S. (1992) Monitoring Vegetation Changes in Conservation 
477 Management of Forests – Forestry Commission Bulletin 108. London, UK. HSMO.
478 Ferris-Kaan, R. (Ed.) (1995) The Ecology of Woodland Creation. Chichester, UK: John Wiley and 
479 Sons.
480 Forestry Commission (2011a) National Forest Inventory – Great Britain. Crown copyright and 
481 database right 2011. Available at: <http://www.forestry.gov.uk/datadownload>, accessed: 
482 January 2013.
483 Forestry Commission (2011b) Ancient Woodland Inventory – Great Britain. Crown copyright and 
484 database right 2011. Available at: <http://www.forestry.gov.uk/datadownload>, accessed: 
485 January 2013.
486 Forestry Commission (2014) Scotland’s Native Woodlands – Results from the Native Woodland 
487 Survey of Scotland. Available at: <https://www.forestresearch.gov.uk/research/scotlands-
22
488 native-woodlands-results-from-the-native-woodland-survey-of-scotland/>, accessed: 
489 August 2020.
490 Forestry Commission (2020a) Provisional Woodland Statistics. 2020 Edition. Available at: 
491 <https://www.forestresearch.gov.uk/tools-and-resources/statistics/statistics-by-
492 topic/woodland-statistics/>, accessed: July 2020.
493 Forestry Commission (2020b) NFI Woodland Ecological Condition in Great Britain: Statistics. 
494 Available at: 
495 <https://www.forestresearch.gov.uk/documents/7547/FR_NFI_WEC_Statistics_GB_rq817
496 aF.pdf >, accessed: August 2020.
497 Fuentes-Montemayor, E. et al. (2015) Are woodland creation schemes providing suitable 
498 resources for biodiversity? Woodland moths as a case study. Biodiversity and Conservation 
499 24: 3049–3070.
500 Fuentes-Montemayor, E. et al. (2017) Species mobility and landscape context determine the 
501 importance of local and landscape-level attributes. Ecological Applications 27: 1541–1554.
502 Fuentes Montemayor, E. et al. (2020) Small mammal responses to long term large scale 
503 woodland creation: the influence of local and landscape level attributes. Ecological 
504 Applications  30: e02028.
505 Fuller, L. et al. (2018) ‘Local-scale attributes determine the suitability of woodland creation sites 
506 for Diptera. Journal of Applied Ecology 55: 1173–1184. 
507 Gill, R. M. A. and Fuller, R. J. (2007) The effects of deer browsing on woodland structure and 
508 songbirds in lowland Britain. Ibis 149: 119–127. 
509 Harmer, R. & Gill, R. M. A. (2000) Natural Regeneration in Broadleaved Woodlands: Deer 
510 Browsing and the Establishment of Advance Regeneration – Forestry Commission 
511 Information Note. Available at: <https://www.forestresearch.gov.uk/research/archive-
512 natural-regeneration-in-broadleaved-woodlands-deer-browsing-and-the-establishment-of-
513 advance-regeneration/>, accessed on August 2020.
23
514 Harmer, R., Kerr, G., & Ferris-Kaan, R. (1995) Creating woodlands: to plant trees or not? The 
515 Ecology of Woodland Creation, pp. 113–128.
516 Harmer, R. et al. (2001) Vegetation changes during 100 years of development of two secondary 
517 woodlands on abandoned arable land. Biological Conservation 101: 291–304.
518 Harmer, R., Watts, K., & Ray, D. (2015) A Hundred Years of Woodland Restoration in Great 
519 Britain: Changes in the Drivers That Influenced the Increase in Woodland Cover, pp. 299–
520 320. In J.A., Stanturf (Ed.) Restoration of boreal and temperate forests. 2nd edition. CRC 
521 Press, Boca Raton, Florida.
522 Holl, K. D. and Brancalion, P. H. S. (2020) Tree planting is not a simple solution. Science 368: 
523 580-581.
524 Holmes, M. A. and Matlack, G. R. (2018) Assembling the forest herb community after 
525 abandonment from agriculture: Long-term successional dynamics differ with land-use 
526 history. Journal of Ecology 106: 2121–2131.
527 IPBES (2019) The IPBES assessment report on land degradation and restoration. Bonn, 
528 Germany. Available at: <www.ipbes.net>, accessed: March 2019.
529 IUCN (2019) Reviving land and restoring landscapes: Policy convergence between forest 
530 landscape restoration and land degradation neutrality. Gland, Switzerland: IUCN. viii + 
531 34pp. Available at: <https://doi.org/10.2305/IUCN.CH.2019.11.en>, accessed: August 
532 2020.
533 Kerr, G. (1999) The use of silvicultural systems to enhance the biological diversity of plantation 
534 forests in Britain. Forestry, 72: 191–205. 
535 Kimmins, J.P. (2004) Forest Ecology: A Foundation for Sustainable Forest Management and 
536 Environmental Ethics in Forestry. 3rd edition. Prentice Hall. 
537 Leps, J. and Smilauer, P. (2003) Multivariate analysis of ecological data using CANOCO. 
538 Cambridge University Press, Cambridge.
539 Lindenmayer, D. B. et al. (2018) Biodiversity benefits of vegetation restoration are undermined by 
24
540 livestock grazing. Restoration Ecology 26: 1157–1164.
541 Oliver, C. and Larson, B. (1996) Forest Stand Dynamics. New York: McGraw-Hill. 
542 Peterken, G.F. (1996) Natural Woodland: Ecology and Conservation in Northern Temperate 
543 Regions. Cambridge University Press.
544 Pyatt, G., Ray, D. and Fletcher, J. (2001) An Ecological Site Classification for Forestry in Great 
545 Britain. Bulletin 124. Forestry Commission, Edinburgh.
546 Rackham, O. (1980) Ancient Woodland: Its History, Vegetation and Uses in England. Hodder 
547 Arnold.
548 Ramankutty, N. and Foley, J. A. (1999) Estimating historical changes in global land cover: 
549 Croplands from 1700 to 1992. Global Biogeochemical Cycles 13: 997–1027.
550 Rhodes, A. C., Larsen, R. T. and St. Clair, S. B. (2018) Differential effects of cattle, mule deer, 
551 and elk herbivory on aspen forest regeneration and recruitment. Forest Ecology and 
552 Management 422: 273–280.
553 Rhodes, A. C., Wan, H. Y. and St. Clair, S. B. (2017) Herbivory impacts of elk, deer and cattle on 
554 aspen forest recruitment along gradients of stand composition, topography and climate. 
555 Forest Ecology and Management 397: 39–47. 
556 Roussel J. and Auty D. (2018) lidR: Airborne LiDAR data manipulation and visualization for 
557 forestry applications. R package version 1.5.1. Available at: <https://CRAN.R-
558 project.org/package=lidR>. 
559 Scottish Government (2018) Climate Change Plan: Third Report on Proposals and Policies 2018-
560 2032. Available at: < https://www.gov.scot/publications/scottish-governments-climate-
561 change-plan-third-report-proposals-policies-2018-9781788516488/>, accessed on May 
562 2020.
563 Scottish Government (2019) Scottish Forestry Strategy 2019-2029. Available at: < 
564 https://www.gov.scot/publications/scotlands-forestry-strategy-20192029/>, accessed: May 
565 2020.
25
566 Spencer, J. W. and Kirby, K. J. (1992) An inventory of ancient woodland for England and Wales. 
567 Biological Conservation 62: 77–93. 
568 Watts, K. (2006) British Forest Landscapes - The legacy of woodland fragmentation. Quaterly 
569 Journal of Forestry 100: 273–279.
570 Watts, K. et al. (2016) Using historical woodland creation to construct a long-term, large-scale 
571 natural experiment: The WrEN project. Ecology and Evolution 6: 3012–3025. 
572 Watts, K. et al. (2020) Ecological time lags and the journey towards conservation success. Nature 
573 Ecology and Evolution 4: 304–311.
574 WEAG (2012) Report of the Woodland Expansion Advisory Group to the Cabinet Secretary for 
575 Rural Affairs and Environment. Available at: 
576 <https://scotland.forestry.gov.uk/images/corporate/pdf/WEAGFinalReport.pdf>
577 Whittet, R., Cavers, S., Ennos, R. and Cottrell J. (2019) Genetic considerations for provenance 
578 choice of native trees under climate change in England. Forestry Commission Research 
579 Report. Available at: <https://www.forestresearch.gov.uk/research/genetic-considerations-
580 provenance-choice-native-trees-under-climate-change-england/>, accessed: August 2020.
581 Whytock, R. C. et al. (2018) Bird-community responses to habitat creation in a long-term, large-
582 scale natural experiment. Conservation Biology 32: 345–354. 
583 Woodland Trust (2011) The State of the UK’s Forests, Woods and Trees: Perspectives from the 
584 sector, pp. 1–100.
585 Woodland Trust (2020) Emergency Tree Plan for the UK – How to increase tree cover and 
586 address the nature and climate emergency. Available at: 
587 <https://www.woodlandtrust.org.uk/media/47692/emergency-tree-plan.pdf>, accessed: 
588 February 2020.
589 Figure legends:
590 Fig. 1. Outline of woodland development stages (descriptions adapted from Oliver & Larson 1996 
591 and Peterken 1996). a Conceptual changes in the height distribution of vegetation points as 
592 woodlands develop over time. Recreated using simulated data based on the study by Ewijk et al. 
593 2011. Colours correspond with height (m) and are for aesthetics only. Strata are shown in 3 m 
594 groups for visualisation. b >250 years in Scotland and >400 years in England, but likely to be 
595 much older; see Methods for details). c Whilst ancient woodlands included in this study are likely 
596 to display structural features and contain important components of ‘old-growth’ stages, we do not 
597 expect them to be an exact representation of this woodland development stage due to past and 
598 present anthropogenic impacts.
599 Fig. 2. Map of Great Britain (A) showing the study areas in Scotland (B, top orange box) and 
600 England (C, bottom blue box). Woodland creation sites (circles) are shown according to their 
601 development stage: stand initiation (light grey), stem exclusion (dark grey) and understorey re-
602 initiation (black). Ancient woodlands are shown as black triangles.
603 Fig. 3. Histograms of the first Linear Discriminant function (LD1) coefficients of woodlands in 
604 different development stages. 
605 Fig. 4. Boxplots of vegetation attributes of woodlands in different development stages. Different 
606 letters represent statistically significant differences between groups (p<0.05 with values corrected 
607 for multiple comparisons). Y-axes in A-C and E-F have been back-transformed from log10 used 
608 in linear models. SI = Stand initiation; SE = Stem exclusion; UR = Understorey re-initiation; AW = 
609 Ancient woodland. In E) outliers in stand initiation phase reflect shifts in woodland planting 
610 patterns over time (i.e. woodlands created more recently have been planted with a larger number 
611 of tree species). 
612 Fig. 5. Height distribution of vegetation points (from LiDAR data) of woodlands in four 
613 development stages: stand initiation (a & b), stem exclusion (c & d), understorey re-initiation (e & 
614 f) and ancient woodland (g & h). Examples of Scottish (left column) and English sites (right 
615 column) are presented. Colours correspond with height (m) and are for aesthetics only. Strata are 
616 shown in 3m groups for visualisation.
 
Fig. 1. Outline of woodland development stages (descriptions adapted from Oliver & Larson 1996 and 
Peterken 1996). a Conceptual changes in the height distribution of vegetation points as woodlands develop 
over time. Recreated using simulated data based on the study by Ewijk et al. 2011. Colours correspond with 
height (m) and are for aesthetics only. Strata are shown in 3 m groups for visualisation. b >250 years in 
Scotland and >400 years in England, but likely to be much older; see Methods for details). c Whilst ancient 
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Fig. 2. Map of Great Britain (A) showing the study areas in Scotland (B, top orange box) and England (C, 
bottom blue box). Woodland creation sites (circles) are shown according to their development stage: stand 
initiation (light grey), stem exclusion (dark grey) and understorey re-initiation (black). Ancient woodlands 
are shown as black triangles. 
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Fig. 3. Histograms of the first Linear Discriminant function (LD1) coefficients of woodlands in different 
development stages. 
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Fig. 4. Boxplots of vegetation attributes of woodlands in different development stages. Different letters 
represent statistically significant differences between groups (p<0.05 with values corrected for multiple 
comparisons). Y-axes in A-C and E-F have been back-transformed from log10 used in linear models. SI = 
Stand initiation; SE = Stem exclusion; UR = Understorey re-initiation; AW = Ancient woodland. In E) 
outliers in stand initiation phase reflect shifts in woodland planting patterns over time (i.e. woodlands 
created more recently have been planted with a larger number of tree species). 
320x171mm (150 x 150 DPI) 
 
Fig. 5. Height distribution of vegetation points (from LiDAR data) of woodlands in four development stages: 
stand initiation (a & b), stem exclusion (c & d), understorey re-initiation (e & f) and ancient woodland (g & 
h). Examples of Scottish (left column) and English sites (right column) are presented. Colours correspond 
with height (m) and are for aesthetics only. Strata are shown in 3m groups for visualisation. 
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